In this paper, we analyze the delay performance of three traffic signal control algorithms that can attain maximum system throughput, for a single four-way intersection. The first is a static (state-independent) fixed-time scheduling (FTS) policy which is followed in current practice. The second is a dynamic maximum weight (backlog) scheduling (MWS) policy that determines the traffic signal phase (the set of collision-free lanes chosen to be scheduled) based on the backlogs (number of queued vehicles) in the different lanes of the intersection, but the schedule length (green time) is kept fixed. The third is adaptive length MWS (aMWS), a variant of MWS in which the schedule length (green time of the phase) is also adjusted based on the backlogs, in addition to the phases. We show that while the dynamic signal control policies (MWS and aMWS) outperform the static (FTS) policy in general, the performance of a fixedlength schedule like MWS can be seriously affected when loss of scheduling time due to "lag effects" is considered. However, with adaptive adjustment of the schedule lengths (green times), a dynamic signal control policy (like aMWS) can outperform the FTS policy at all traffic loads.
I. INTRODUCTION
Traffic signal control is one of the most challenging issues in transportation modeling. With the recent advances in Intelligent Transportation Systems (ITS), there is a growing prevalance of real-time information at traffic signals which allow for new methodologies to be used to optimize the performance of signals. The availability of real-time flows and turning movements at intersections allows the development of signal phases which account for real-time flows in developing signal timing plans. The main goal of this work is to develop novel signal control strategies that account for real-time queue lengths and fairness issues in determining the signal timing plans. While the analysis is restricted to isolated intersections, similar techniques can be developed for a network of traffic signals.
Isolated intersections are primarily optimized by determining the green times for the various non-conflict phases and the corresponding optimal cycle time. The intersection traffic control is based on collision avoidance approach [1] . Traffic control at a road junction involves assigning the time for each phase of the traffic. In this signaling scheme a specific amount of time is specified for each traffic lane to allow the vehicles pass through the intersection successively with the aim of collision prevention. Intersection traffic control based on information on different types of statistics (available or estimated) on vehicular traffic has been studied for a long period of time [1] , [2] , [3] , [4] , [5] . In 1958, Webster gave equations A. Ghavami and K. Kar for the optimal cycle length and the green phase time assignment, which are the basis of fixed-time control which has been widely used [2] . In 1963, Miller considered the question of signal phase time adaptation based on online traffic information [6] . Allsop enhanced the signal setting calculation to determine the traffic capacity for isolated signal controlled intersections [7] . Tully developed an algorithm to generate candidate phases and all admissible phases based on graph theory [8] . Gallivan and Heydecker designed an algorithm that does not restrict clique formations and there may be multiple appearances of each phase in one sequence [9] . Allsop summarized various mathematical models for both the stage-based and phase-based approaches for the design of signal control strategies [10] .
With development of sensors and communication technologies, many advanced methods have been developed to adjust signal timings according to real-time traffic data. For instance, vehicle actuated control, which extends green signals according to the detected headway in real time, is one such method. The Microprocessor Optimized Vehicle Actuation (MOVA) system is a self-optimizing system designed and implemented to reduce delays and stops and to maximize capacity during peak periods [4] . In recent years, artificial intelligence techniques have been introduced into signal control using fuzzy logic controllers [11] .
Queuing theory models has extensively been used for queuing and delay analysis in isolated intersection. The most well known model is that due to Webster [2] , who came up with analytical expressions for delays and queues under the assumption of Poisson arrivals, so that various mean values were obtained based on the results of M/D/l model. Alpha and Neuts suggest that discrete time Markovian arrival process (MAP) captures the platoon nature of the traffic stream process [12] . The queuing model proposed in [3] models the fixed time traffic control with fixed number of green and red periods for each traffic phase based on an M/G/1 queuing model. Mirchandani and Zou develop a stochastic queuing model for a two-phase simplified adaptive control strategy [13] .
In the domain of wireless communication networks, the question of throughput-optimal and delay-efficient scheduling has received significant attention in recent literature. Tassiulas and Ephremides [14] obtained a link scheduling policy that attains the maximum possible throughput in presence of arbitrary scheduling constraints, by scheduling in each time slot the collision-free set that has the maximum aggregate queue length. This policy, referred to as Maximum Weighted Scheduling (MWS) henceforth, schedules at any given time instant (a) the set of links that can be simultaneously scheduled while satisfying the scheduling constraints, and (b) has the maximum sum of queue lengths among all such sets. MWS is guaranteed to attain maximum throughput [14] , despite the fact that it does not use any information about the arrival statistics in the scheduling process. Delay properties of MWS are analyzed in [15] .
As discussed earlier, with the advent of Intellidrive systems the number of vehicles in the traffic lanes can be accurately estimated via loop detectors, wireless sensors and image processing techniques [16] , [17] , which provides an opportunity to apply the data networking scheduling algorithms (that use real-time state information) to control the traffic intersections. The authors in [18] use the Longest Queue First Maximal Weight Matching (LQF-MWM) algorithm which is based on the MWS scheduling method in [14] , and analyze its throughput performance. In this paper we also apply scheduling algorithms used in the data communication networks to optimize isolated urban traffic signals, but focus on delay analysis/optimization, a perspective that has not received sufficient attention in prior literature. The primary goal is to demonstrate the applicability of MWS, and a variant of it -aMWS -and show that they are quite effective in attaining low traffic delays (queuing delays at intersections). The analysis will be restricted to unstaturated traffic volumes. We propose the aMWS scheduling which is based on the anticipative adaptive horizon (AAH) policies derived in [19] and [20] , and demonstrate its superior performance with respect to the FTS and MWS scheduling algorithms that have been considered before. While the focus of this work is on isolated intersections, our current work in progress will extend these control algorithms to network-wide signal control. Therefore, the current work is a foundation for the network level analysis of dynamic signal control.
II. SYSTEM MODEL
Without loss of generality, we consider an isolated signalized 4-way traffic intersection, N , as shown in Figure 1 , where separate lanes are associated with different turns, and right turns are free. The algorithms and results presented in this paper can easily be extended for other types of intersections (e.g., 3-way intersections, intersections where some turn lanes are merged together, or right turns are not free). In the topology we consider, each lane (queue) is denoted by ij where i ∈ {N, E, S, W } represents the direction the vehicles in the lane are coming from: North, East, South and West, and j ∈ {L, T, R} represents the direction of the turn the vehicles in the lane want to take: Left, Through (Straight) and Right. Since we assume free right turns, vehicles in the right lanes can cross the intersection with caution, i.e. the vehicle turning right waits for W R seconds (we set W R = 5 sec in our simulations), and crosses the intersection if it is not on the collision path of any other vehicle crossing the intersection at that time. The queue length of the ij th lane is denoted by Q ij . Figure 2 shows the collision graph of the 4-way intersection. In the collision graph, each lane (queue) is represented by a node, and two nodes are connected by an edge if they cannot be scheduled ("green signaled") together, i.e., the vehicles in those lanes will collide if they try to cross the intersection at the same time. As the right turn is free, the right lanes do not interfere with any other lanes. A collisionfree set is a set of lanes that do not interfere with each other, and corresponds to an independent set in the collision graph. A maximal collision-free set is a set of lanes to which inclusion of any new lane (without removing some lane(s) already in the set) violates its collision-free property. The maximal collision-free sets corresponding to the collision graph shown in Figure 2 are as follows:
In the above, we do not include the right turn lanes in describing the collision-free sets, for brevity; since we assume free-right turns, all four right turn lanes would be included in each of the eight collision-free sets listed above. The signal control question is now one of choosing which collision-free set of lanes (phase) should be scheduled at any time, and for how long (the "green time"' for that phase). We assume that practical considerations limit the green times to be within some given minimum (S min ) and maximum (S max ) values. If a vehicle arrives at a junction in a lane that is green-signaled at that time, and there is no vehicle queued up in that lane, the vehicle would pass the intersection without any delay. Otherwise, it waits for the vehicles ahead of it in the lane to pass the intersection, and maintains a safe distance with the vehicle just ahead of it in the traffic line while crossing the intersection.
When the traffic light for a lane turns to green, there is a lag time after which the vehicle in front of the queue starts to pass the intersection, and the rest of the vehicles in the lane follow (while maintaining safe distance with the previous vehicle). This lag includes driver reaction delay and the waiting time for the vehicles already at the intersection (which started crossing the intersection during the previous scheduling period/phase) to cross over. When a lane is scheduled, the effective scheduling time (active period) thus equals the green time for that phase minus the lag.
In the next two sections, we investigate the delay attained by several scheduling algorithms under steady state conditions. Let consider the vehicles arrive at lane ij with arrival rate λ ij and the overall service rate for link ij is µ ij . Here, the service rate is defined as the number of vehicles that can be scheduled per unit time (in the long run) with the scheduling policy under consideration. (We will see in the next section, how the service rate for each lane can be expressed in terms of the other scheduling parameters.) In order that the system be stable, it needs λ ij < µ ij .
We are interested in investigating the average delay of the vehicles at the traffic intersection, which is calculated (according to Little's theorem) as:
We also compare the latency of the proposed scheduling algorithms. The latency of lane ij, l ij , is defined as the time a head-of-line vehicle in lane ij (i.e. the first vehicle of the lane ij) waits before it is green-signaled. The average latency of the intersection is calculated as in the following:
III. SIGNAL CONTROL ALGORITHMS
We now describe the three signal control (scheduling) policies that we analyze in this paper: Fixed-Time scheduling (FTS), Maximum Weighted Scheduling (MWS) and Adaptive length MWS (aMWS). FTS is a "static" scheduling policy, similar to what is used in common practice, where a fixed schedule -a fixed number of phases with pre-determined lengths (green times) -is repeated periodically. This policy is oblivious of the current load (backlog) at the traffic intersection, although the schedule can be optimized according to the long-term traffic rates. MWS is a "dynamic" policy that varies the traffic signal phases (collision-free sets as described in Section II) based on the backlogs (number of queued vehicles) in the different traffic lanes at the signal, according to an algorithm described in [14] . The length of each scheduling period (green time) however remains fixed. The third scheduling policy, aMWS, is similar to MWS in terms of the selection policy of the collision-free set; however aMWS allows the length of each scheduling period to vary dynamically as well, and is motivated by the asynchronous version of MWS proposed in [20] . It is also worth noting that while MWS and aMWS are work-conserving (or nonidling), FTS can be idling. In other words, due to its stateindependent periodic nature, FTS may choose to schedule a collision-free set with all empty queues, when there may some other backlogged queue in the system. This would not occur in MWS or aMWS which chooses the collision-free set to schedule based on the sum of the backlogs (queuelengths) of the lanes in the set. All the three scheduling algorithms that we consider, FTS, MWS and aMWS, are throughput-optimal, i.e., they result in stability in the system (finite expected queue-lengths) for all arrival processes under which stability can be guaranteed under any scheduling policy. For FTS, the scheduled collision-free sets (phases) must be chosen carefully for this purpose; refer to [15] on how this can be done. The throughput-optimality of MWS is established in [14] , and that of aMWS is established in [20] .
A. Randomized and Fixed Time Scheduling
Since exact analysis of Fixed Time Scheduling (FTS) is complex and unlikely to result in simple closed-form expressions (which we desire), we first analyze a scheduling policy that is closely related to it, Randomized Scheduling (RS); we then analyze FTS as an approximation to RS. RS is a slotted, memoryless scheduling algorithm, in which at any scheduling time τ , the collision-free set Γ k (k = 1, · · · , 8, for the traffic intersection shown in Figure 1 ) is chosen to be scheduled with a probability p k , 0 ≤ p k ≤ 1. The average queue-length of the lane ij with Bernouli arrival rate λ ij , using Markov chain queuing analysis, is calculated as follows:
Note that in the above expression, the term k:ij∈Γ k p k represents total probability that a lane (queue) ij is scheduled (in any scheduling period τ ), and therefore equals µ ij , the service rate of lane (queue) ij. Therefore, the average delay of the vehicle in the traffic intersection using (2) is calculated as follows:
Now we derive delay expressions for FTS by approximating it as RS. Let S k denote the schedule length (green time) corresponding to collision-free set (phase) Γ k . Also lets us assume that each individual vehicle takes D secs (after the previous vehicle in its lane/traffic line) to cross the intersection; note that D can be estimated as the time to travel the safe distance by the vehicle at the average speed at which it crosses the intersection. Then the number of vehicles that can cross the intersection during time S k is
, where (x) + = max(x, 0). Thus the service rate of lane ij is
We can now approximate the expected delay under FTS by replacing p k in (5) by γ k , i.e.,
where γ k = (
To optimize the FTS delay performance in the 4-Way intersection, we need to define the scheduling periods (phase times or green times) S 1 , S 2 , ..., S 8 such that the average delay of the vehicles passing through the intersection is minimized. For given traffic rates λ ij it can be shown from the above discussion that the average delay of FTS is not in general a convex function of S 1 , S 2 , ..., S 8 . To avoid exhaustive search (which can be computationally very challenging) over all possible values of S i , i = 1 · · · , 8 between the minimum (S min ) and maximum (S max ) limits, note that the delay expression in (5) is a convex function of p k (and hence γ k in the FTS case). We can use that fact to find the optimal γ k for all k = 1, · · · , 8 efficiently, and then derive S k from γ k using their relationship as described above; in our simulation experiments described in Section IV, we follow this approach.
B. Maximum Weighted Scheduling
In the Maximum Weighted Scheduling (MWS) policy, as described in [14] , the scheduling period (green time) is kept fixed. The collision-free set is chosen dynamically at the beginning of each scheduling period, based on the current backlog (queue-lengths) at the different lanes, as follows. Let Q ij (τ ) denote the backlog of lane ij at the beginning of scheduling period τ . Then, we associate a weight of Q ij (τ ) with queue ij; the weight of a collision-free set is defined as the sum of the weights of all lanes in that set. The MWS policy then chooses the collision-free set that has the maximum weight, i.e., a collision-free set Γ k is chosen such that it attains the maximum value of ij∈Γ k Q ij (τ ), among all collision-free sets Γ k , k = 1, · · · , 8. It is easy to observe that MWS will always choose a maximal collision-free set to schedule; in the case of the 4-way intersection that we consider here, it will be one of the sets
Delay analysis of MWS is fairly complex, and due to space limitations, we only describe the result here; the derivation of the result will appear in a full version of this work. Let the fixed scheduling period of the MWS policy be denoted by ∆. Consider the vector of vehicle arrival rates λ = (λ ij , i ∈ {N, E, S, W }, j ∈ {L, T, R}), and scheduling rate vector on the maximal collision-free sets, ν = (ν k , k = 1, · · · , 8). A decomposition of the given arrival rate vector λ to a feasible scheduling rate vector ν satisfies the following two properties: (i) λ ij = (
D∆ . Then the minimum-length decomposition is the decomposition ν * = (ν * k , k = 1, · · · , 8) that has the minimum length, 8 k=1 ν k among all decompositions that satisfy properties (i) and (ii). Then following a line of analysis similar to our prior work [15] , we can show that the expected delay of MWS is upper-bounded as
C. Adaptive length Maximum Weighted Scheduling
The aMWS collision-free set selection policy is the same as that of MWS; however, the length of the scheduling period (green time) is not fixed, and chosen as follows. Let the collision-free set Γ k be chosen during a scheduling period τ , i.e., Γ k is such that it attains the maximum value of ij∈Γ k Q ij (τ ), among all collision-free sets
Then, according to the adaptive length (asynchronous) MWS policy described in [20] , the scheduling period (green time) for Γ k is chosen as (g(τ ) ) r where 0 < r < 1; the policy was shown to be throughput-optimal in this range of r. Since we want the aMWS policy to be non-idling, and respect the maximum and minimum limits S min and S max on the green times, we set S k (τ ), the scheduling period (green time) corresponding to the chosen collision-free set at time τ is set as:
where 0 < r 1 , r 2 < 1. Deriving tight delay bounds for aMWS remains a challenging open question which we are currently investigating. Due to its close relationship with MWS, however, we conjecture that a delay bound similar in nature to that of MWS (8) will hold (up to a constant multiplicative factor).
IV. SIMULATION RESULTS
In this section, we present simulation results to compare the signal control algorithms discussed and developed in this paper. We consider Bernoulli distributed vehicle arrival processes (over time units of 1 sec) at each lane in the simulations. For the traffic arriving from each direction, the turn ratios are as follows: 50% for the through (straight) traffic, 20% for the left turn, and 30% for the right turn. In other words
The safe distance is considered to be equal to a length of a car. For typical cars such as Honda Civic and Accord, the length of the car is equal to 4.43 meters and 4.79 meters, respectively. Therefore a typical car is assumed to be an average length of 4.5 meters. The safe passing speed through the traffic light should be very low and is considered to be about 10 mph. In this scenario, the safe distance time is equal to 4.5meters 10mph ∼1sec. This implies that the time between two successive vehicles of a green-signaled lane passing through the intersection is 1 + 1 = 2 secs, or 2 time units. The minimum and maximum limits on the scheduling periods (green times) is set as, S min = 15 sec and S max = 60 sec. The Lag and free right turn waiting time, W R , both are considered to be 5 seconds for all of the test cases. For aMWS, we use r 1 = r 2 = 0.99 in all results shown below as we observed in the simulation results that the delay performance at high load improves with increasing r 1 , r 2 in the range (0, 1).
Test Case I : 4-Way Intersection without Lag: In this section we compare the performance of the discussed scheduling policies in the absence of the vehicles' start-to-move delay, i.e. Lag = 0. We consider the balanced traffic load from each direction, i.e. λ i = λ, i ∈ {N, E, S, W } where λ represents the traffic load index and each lane's arrival rate is expressed based on λ.
In order to minimize the average delay (and thereby also achieve maximum throughput) in FTS, the scheduling periods S k for the collision-free sets Γ k are chosen such the delay expression (derived by approximating it with RS) as described in Section III-A, is minimized. For MWS, the scheduling period (fixed) is set to the minimum time S min = 15 sec. While a larger value (upto S max = 60 secs) could have been chosen for this scheduling period (green time) for better "efficiency"' (i.e., less loss of scheduling time due to lag effects), we observe that a larger scheduling time worsens the performance substantially at low traffic load. Furthermore, a larger scheduling period also increases the scheduling average latency defined in (3) . Note that even though the scheduling period is set to 15 secs, the actual green time for which a chosen collision-free set Γ k is served can be more, if that set is chosen in consecutive scheduling period by MWS. For aMWS, the scheduling period is assigned a value between S min = 15 Sec and S max = 60 sec, according to (9) . Figures 3 and 4 show the average delay and average latency of the vehicles in the balanced load 4-Way traffic intersection with Lag = 0 sec, respectively. Additionally the average delay for RS is also shown, as analytically calculated from (5). The maximum traffic load supportable with finite delay can be analytically calculated in this case as λ max = 0.357 veh/sec, which corresponds to the normalized traffic load of 1 in the figures.
From Figure 3 , note that all three signal control policies achieve the maximum throughput in the network (which is expected, as all the policies are throughput-optimal, as argued before). We however observe that MWS and aMWS significantly outperform FTS in terms of average delay, at all but very high loads (when traffic load is greater than 95% or so, the delay performance of all the algorithms are somewhat similar). From Figure 3 , we also observe that aMWS provides slightly better delay performance as compared to MWS at low load; but this trend is reversed at moderate to high loads.
In Fig. 4 the average latency of FTS and MWS is approximately constant as they use fixed scheduling periods (green times). However, the average latency of aMWS increases with traffic load as the scheduling period (green time) increases with increasing backlog (and the average backlog increases with traffic load).
Test Case II: 4-Way Intersection with Lag: In Figure 5 , we show delay results for a simulation setting that is similar to before, but with a start-to-move lag of 5 sec. Recall that the lag time refers to the time it takes for the first vehicle waiting in a lane to start off, once the the lane is greensignaled. Comparing the results with Figure 3 , we observe that although MWS performs better than FTS as before, it attains larger delays than FTS at high load. In fact, it can also sustain a smaller value of the maximum traffic λ max , as compared to FTS; in other words, the throughout region attained by MWS is smaller than FTS in this case. This is due to the fact that MWS which sets all scheduling periods (green times) to 15 secs, has a higher overhead (loss of scheduling time) due to the Lag, as compared FTS, whose scheduling periods (green times) vary between 15 and 60 secs. In other words, frequent switching of schedules (phases) has a detrimental effect own the transportation network throughput, and on the average delay attained at high loads, when "lag effects" are taken into consideration. However, MWS avoids this problem by making the scheduling period longer when the traffic load (and therefore the average backlog) increases, as in (9) . In Figure 5 , we observe that aMWS attains substantially better delay as compared to FTS and MWS at high loads; it also attains the largest throughput region (largest λ max ). Test Case III: Real Intersection with Unbalanced Traffic: Next we use the data in [21] to simulate the 4-way traffic intersection of 5th Ave and El-Camino in San Mateo, CA. It is worth noting that the traffic in this case, which was obtained through measurement, is not balanced across the the four directions. To observe the variation of delay with respect to changing traffic load (but for the same traffic pattern), we scaled the measured traffic rates by the same multiplicative factor, while keeping the relative traffic rates from each direction, and the turn ratios, the same as in the traffic data provided in [21] . The results are shown in Figure 6 . Comparing with Figure 5 , we observe the same trends here, although the difference between the performances of FTS and RS are substantially reduced. We still observe that aMWS results in the best delay performance at nearly all loads, and also the largest throughput region (λ max ).
V. CONCLUSION AND FUTURE WORK
In this paper, through analysis and simulations we have investigated the delay performance of several signal control policies that can attain the maximum throughput in the system. We demonstrate that even though the maximum admissible traffic load under all the scheduling policies may be the same (at least when lag effects are not taken into account), the average delay performance at low load can be substantially better with dynamic traffic scheduling policies. We also observe that when losses in scheduling time due to lag effects are taken into consideration, the throughput region, as well as the average delay attained at high load, can differ substantially across the different algorithms. We observe that under realistic scenarios and parameters, significant performance benefits can be attained only if both the scheduling sets (collision-free lanes chosen to be scheduled) as well as the corresponding scheduling period (green time) are chosen dynamically -possibly depending the lane backlogs (queue lengths) -as in the aMWS policy proposed in this work. While the studied signal control strategies can be applied (extended) to a network of intersections as well, analyzing the strategies in that context is being considered in ongoing work.
